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Abstract
Xanthomonas arboricola pv. pruni is the causal agent of bacterial spot disease of stone fruits
and almond. The bacterium is distributed throughout the major stone-fruit-producing areas of
the World and is considered a quarantine organism in the European Union according to the
Council Directive 2000/29/EC, and by the European and Mediterranean Plant Protection
Organization. The effect of leaf wetness duration and temperature on infection of Prunus by
X. arboricola pv. pruni was determined in controlled environment experiments. Potted plants
of the peach-almond hybrid GF-677 were inoculated with bacterial suspensions and exposed
to combinations of six leaf wetness durations (from 0 to 24 h) and seven fixed temperatures
(from 5 to 35˚C) during the infection period. Then, plants were transferred to a biosafety green-
house, removed from bags, and incubated at optimal conditions for disease development.
Although leaf wetness was required for infection of Prunus by X. arboricola pv. pruni, tempera-
ture had a greater effect than leaf wetness duration on disease severity. The combined effect
of wetness duration and temperature on disease severity was quantified using a modification
of the Weibull equation proposed by Duthie. The reduced-form of Duthie’s model obtained by
nonlinear regression analysis fitted well to data (R = 0.87 and R2adj = 0.85), and all parameters
were significantly different from 0. The estimated optimal temperature for infection by X. arbor-
icola pv. pruni was 28.9˚C. Wetness periods longer than 10 h at temperatures close to 20˚C,
or 5 h at temperatures between 25 and 35˚C were necessary to cause high disease severity.
The predictive capacity of the model was evaluated using an additional set of data obtained
from new wetness duration-temperature combinations. In 92% of the events the observed
severity agreed with the predicted level of infection risk. The risk chart derived from the
reduced form of Duthie’s model can be used to estimate the potential risk for infection of Pru-
nus by X. arboricola pv. pruni based on observed or forecasted temperature and wetness
duration.
Introduction
Xanthomonas arboricola pv. pruni is the causal agent of bacterial spot disease of stone fruits and
almond [1,2], which are some of the most economically important tree crops worldwide [3].
The disease was first described in the USA in 1903 [4] and today it is distributed throughout the
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major stone-fruit-producing areas of the World [5]. Although the bacterium is considered a
quarantine organism in the European Union, according to the Council Directive 2000/29/EC,
and by the European and Mediterranean Plant Protection Organization (EPPO) [1], the patho-
gen is currently spreading in many European countries, which have reported local outbreaks
[6,7].
Xanthomonas arboricola pv. pruni affects a wide range of species of Prunus, including fruit
crops, such as plum, nectarine, peach, apricot, cherry, almond, their hybrids, as well as orna-
mental species, such as cherry laurel [8,9]. The pathogen mainly causes lesions on leaves and
fruits, but twig infections, which can result in perennial cankers in some host species, are
sometimes observed in spring or summer. The economic impact of the disease depends on
reduced quality and marketability of fruits, reduced orchard productivity, and increased costs
of nursery production [10].
Quarantine regulation of X. arboricola pv. pruni by the EU and EPPO is aimed to restrict
the introduction and dissemination of this pathogen [1]. Disease control is currently limited
to preventive copper spray applications in areas already affected by the disease [8,9,11]. Limita-
tions on copper usage have been defined by the potential for its accumulation in soil, the selec-
tion for pathogen resistance [12] and the phytotoxicity in some stone-fruit crops, such as
peach and nectarine [13]. In order to minimize the negative effects of copper and to optimize
the effectiveness of control measures, disease forecasting models, based on infection risk, can
be used to guide the accurate timing of copper applications. Plant disease forecasting models
help growers in the decision-making process as an alternative to a fixed spray schedule. Disease
forecasters have been successfully implemented in the management of many plant diseases, in
which the number of pesticide sprays is reduced in comparison to a fixed spray schedule, but
with similar efficacy of disease control [14–16].
Most forecasting models of bacterial plant diseases are based on two processes: i) a tempera-
ture-dependent multiplication process of epiphytic populations to provide inoculum; followed
by, ii) the occurrence of favorable weather conditions that allow infections [17–20]. A similar
approach can be used in the development of a forecasting model of bacterial spot disease of
stone fruits. The effect of temperature on the growth of X. arboricola pv. pruni was determined
in vitro [21,22]. A model for predicting X. arboricola pv. pruni growth as a function of tempera-
ture was developed [22], which can be used to estimate the epiphytic inoculum potential of the
pathogen. The study revealed that X. arboricola pv. pruni is able to grow within the temperature
range from 5 to 35˚C and that optimal temperatures for bacterial multiplication are between 25
and 33˚C. Regarding the weather conditions conducive to bacterial infections and disease devel-
opment, different studies agree on the importance of warm temperatures and wetness periods
(rainfall, irrigation or dew) for the infection of Prunus by X. arboricola pv. pruni [1,9,23,24,25].
The need of wetness for infection is also supported by experiments performed under controlled
environment conditions at optimal temperatures for X. arboricola pv. pruni growth (20–30˚C)
[26,27]. Variability in the range of temperature and wetness period duration conducive to infec-
tion and disease development has been detected in studies under field conditions [24,25], prob-
ably due to the complex interaction of diverse factors affecting the disease development, such as
inoculum populations [28], host susceptibility [7,29] and orchard management practices [9].
Quantification of the effect of environmental factors on the processes of infection and
colonization by leaf pathogens is usually carried out in experiments conducted in growth
chambers, thus allowing isolation of the effects of specific environmental factors. Therefore,
to develop a prediction model of infection of Prunus by X. arboricola pv. pruni, the com-
bined effects of temperature and wetness period duration should be quantified under con-
trolled environment conditions for the entire range of temperature at which X. arboricola
pv. pruni is able to grow.
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Polynomial equations are widely used to quantify the combined effects of wetness and tem-
perature on infection of plants by pathogens for a wide variety of diseases [30], primarily fun-
gal diseases [31,32]. However, various parameters estimated in polynomial equations lack a
clear biological significance and some variables may be transformed (e.g. using logarithmic or
square root transformations) before fitting the equation. To overcome the weaknesses of poly-
nomial equations, nonlinear models based on modified forms of the Weibull function have
been proposed [33], in which all parameters can be interpreted to provide information on the
mechanisms of disease response. Weibull based models have been used to quantify tempera-
ture and wetness requirements for infection in several diseases [34–37]. A similar approach is
proposed in the present work to determine the combined effect of temperature and wetness
duration on infection of Prunus by X. arboricola pv. pruni.
The objectives of this study were to (i) quantify the effects of temperature and leaf wetness
duration on infection of Prunus by X. arboricola pv. pruni; (ii) develop a model describing
these effects; and (iii) evaluate the capacity of this model to forecast bacterial infection risk.
Materials and methods
Plant material
Potted plants of the peach-almond hybrid rootstock GF-677 (Prunus amygdalus × P. persica)
obtained by micropropagation (Agromillora Catalana, Subirats, Spain) were selected based
on its susceptibility to bacterial spot disease. Plants were grown in 0.5 L pots filled with a
commercial peat moss/vermiculite/perlite potting mix (type BVU, Prodeasa, Girona, Spain)
in a greenhouse and fertilized once a week with a solution of 200 ppm N-P-K (20-10-20).
Twenty-centimeter-high plants with 10 to 15 young expanded leaves were used.
Inoculum production
Xanthomonas arboricola pv. pruni strain CFBP 5563 isolated from peach in France obtained
from CIRM-CFBP (International Center for Microbial Resources - French Collection for
Plant-associated Bacteria, Beaucouze´ Cedex, France) was used in this study. Bacteria were
stored in stock tubes containing yeast-peptone-glucose broth (YPG) [38] supplemented
with glycerol (20% wt/vol) at -70˚C. The inoculum was prepared from 24-h-old cultures
grown on Luria-Bertrani (LB) [39] plates at 27˚C. Bacterial colonies were scraped from the
cultures, resuspended in sterile distilled water and adjusted to an optical density of 0.3 at
600 nm, which corresponds to 5 x 108 CFU/ml. A viable count of the inoculum suspension
was also determined by spreading 0.1 ml of appropriate 10-fold serial dilutions on yeast-pe-
ptone-glucose agar (YPGA) [38] plates and incubation for 72 h at 27˚C.
Pathogen inoculation, incubation and disease assessment
Potted plants of the peach-almond hybrid GF-677 were inoculated by spraying 5 x 108 CFU/ml
bacterial suspensions supplemented with diatomaceous earth (1 mg/ml) on plant leaves using
an airbrush (model Junior Hobby; Sagola, Vitoria-Gasteiz, Spain) operated at 100 kPa. Adaxial
and abaxial leaf surfaces were sprayed until runoff.
Inoculated plants were covered by plastic bags (moist chambers) with the inner side sprayed
with distilled water to maintain leaf wetness and transferred immediately to controlled environ-
ment chambers (model MLR-350; Sanyo, Gunma, Japan) at constant temperatures of 5, 10, 15,
20, 25, 30 or 35˚C in darkness, with a maximum variation of ±1˚C for all temperatures. The tem-
perature inside the growth cabinets was monitored and recorded using HOBO Pendant1 tem-
perature/light dataloggers (Onset Computer Corp, Pocasset, MA, USA). At 3, 6, 12, 18 or 24 h
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time intervals, plants were removed from growth chambers and transferred to a biosafety green-
house maintained at 15 to 25˚C with 70 to 80% relative humidity and natural photoperiod for
21 days for disease development. Weather parameters inside the biosafety greenhouse were
monitored with a datalogger (CR10X, Campbell Scientific Ltd., UK) connected to combined
temperature-relative humidity (model HMP35C) and leaf wetness (model 237) sensors. Plants
sprayed with sterile distilled water and incubated at 25˚C during 24 h of leaf wetness were used
as negative controls. When plants were introduced into the greenhouse, the plastic bags were
removed and plants were exposed to a smooth airflow supplied by an electric fan until the leaf
surface was dry (30 min). Plants corresponding to 0 h of wetness duration were inoculated di-
rectly in the greenhouse and the leaf surface was dried immediately after inoculation.
Disease severity was assessed 21 days after inoculation on the five youngest completely
formed leaves at the moment of inoculation. The new leaves formed after the inoculation, during
the incubation in the greenhouse, were not considered. A 0-to-5 scale severity index was used,
corresponding to a leaf area affected by 0, 1, 3, 6, 12 and 24%, respectively [24]. Disease sever-
ity (S) was calculated for each plant according to the formula: S ¼ dð
PN
n¼1 InÞ=N  5e  100,
where In is the severity index for each leaf, N is the number of leaves per plant, and 5 is the maxi-
mum severity index value in the scale.
A completely randomized experimental design with subsampling was used. The treatment
layout was a factorial arrangement with seven temperatures (5, 10, 15, 20, 25, 30 and 35˚C)
and six wetness periods (0, 3, 6, 12, 18 and 24 h) for a total of thirty six treatments. Each treat-
ment consisted of five plants and five inoculated leaves were evaluated in a plant. The experi-
ment was repeated twice.
Data analysis and model development
Averaged values of disease severity over the five plants per temperature-wetness combination
were standardized using the maximum value observed in each experiment to compare both
repetitions. Therefore, the relative disease severity (S’) ranged from 0 to 1. The effect of experi-
ment replicate was determined by analysis of variance using the general linear models (GLM)
procedure of SPSS v.23 (IBM Corp., Armonk, NY). Previously the homogeneity of variance
and normality were tested. As there were no significant differences between the two runs of
the experiment for relative disease severity, the following analysis were performed with aver-
aged data over the two runs.
The combined effects of leaf wetness duration (w) and temperature during the wet period
(t) on relative disease severity were evaluated using the nonlinear model proposed by Duthie
[33], which is based on a modified form of a Weibull function and it is described by the non-
linear equation of the form:
S0 ¼ f ðw; tÞ ¼ f ðtÞ  ð1   expf  ½Bðw   CÞDgÞ ð1Þ
Where w is the leaf wetness duration (h) and t is the temperature (˚C) during the wetness
period. The upper asymptote is defined by the expression f(t), which characterizes the upper
limit on the responses as wetness duration is extended, and it has the following equation:
f ðtÞ ¼ E0  exp
ðt   FÞG
H þ 1
  
=f1þ exp½ðt   FÞGg ð2Þ
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in which
E0 ¼ E  ½
H þ 1
H
H1=ðHþ1Þ ð3Þ
f(t) characterizes the upper limit of the response when w is large. Each parameter in Eqs 1, 2
and 3 has an epidemiological meaning summarized in Table 1. The optimum temperature is
given by:
topt ¼ F   ð1=GÞlnðHÞ ð4Þ
However, the iterative regression procedure failed to converge on a solution when the
model included too many parameters. Overparameterization was assessed by the magnitudes
of standard errors and correlation coefficients between estimated parameters. The model was
simplified by fixing parameter C in Eq 1 to a value of 0, assuming that bacteria respond imme-
diately to the increase in leaf wetness duration; and parameter E in Eq 3 was fixed to a value of
1, because the disease was measured on a scale of 0 to 1. Moreover, the asymmetry in the tem-
perature response on infection, characterized by parameter H, may not be measured when
under field conditions at high temperatures wetness is rare [31], and in this case asymmetry
may be disregarded. It follows that H = 1, topt = F, E0 = 2E. Eq 1 can be rewritten as [36]:
S0 ¼ f ðw; tÞ ¼ ½1   expð  BxwÞD=cosh½ðt   FÞG=2 ð5Þ
Duthie’s model and its simplification, Eqs 1 and 5, were fitted to data. Regressions were
based on mean infection data for each combination of temperature and wetness duration
rather than on pooled data to reduce data variability and improve curve fitting [40]. Parame-
ters of Duthie’s models, Eqs 1 and 5, were estimated using the sequential quadratic program-
ming method of the nonlinear regression in SPSS v.23 (IBM Corp., Armonk, NY).
From the results obtained, the reduced form of Duthie, Eq 5, was selected for further analy-
sis. Several criteria were used to evaluate this model: (i) randomness and normality of residu-
als; (ii) goodness of fit between estimated and observed values; and (iii) standard deviation
around the regression lines. The nonlinear regression obtained with the Eq 5 was evaluated by
performing a linear regression analysis between predicted (y) and observed (x) values as paired
observations. The linear regression was analyzed by the coefficient of determination (R2) and
adjusted coefficient of determination (R2adj), and testing the significance of the difference in
the intercept from 0 and the slope from 1.
Table 1. Summary of epidemiological significance of parameters in the model proposed by Duthie [33], Eqs 1, 2,
and 3, which describes the response of foliar parasites to the combined effects of temperature and duration of
wetness.
Parameter Epidemiological significance
B Intrinsic rate of increase in response with respect to wetness duration (0 < B< 1)
C Length of delay before the start of the processes that drive the response
D Period of wetness duration in which the response decelerates (D> 0)
E Maximum response that occurs at the optimum temperature (E> 0)
F Directly proportional to the optimum temperature
G Intrinsic rate of decline from the maximum as temperature deviates from the optimum
H Difference in the rate of acceleration in the decline from the maximum as temperature increases or
decreases from the optimum
https://doi.org/10.1371/journal.pone.0193813.t001
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The capacity of the model for predicting the infection risk was determined using data
derived from an additional experiment with a new set of temperature and wetness duration
combinations, different from those used for model development. The new set of incubation
temperatures were 7.5, 12.5, 17.5, 22.5, 27.5 and 32.5˚C for wetness periods of 2, 5, 10, 20 or 24
h. The experiment was performed as described previously, with a total of 24 temperature-wet-
ness duration combinations. Each treatment consisted of five replicates (plants) and five inoc-
ulated leaves were evaluated in a plant. The experiment was performed once. The predictions
of the model at each temperature-wetness combination were compared with the observed dis-
ease severity values using the Pearson’s correlation coefficient and an analysis of frequency
was performed for the two categories proposed for model prediction values and for observed
disease severity values, respectively.
Results
No lesions were observed on non-inoculated leaves and few infections occurred on inoculated
plants incubated without leaf wetness. The disease severity values corresponding to 0 h of wet-
ness duration (5.5 and 5.6% in experiments 1 and 2, respectively) were subtracted from the dis-
ease severity observed for each temperature-wetness combination, as it was probably due to
the effect of the residual wetting times during the drying process. The highest disease severity
was observed at 30˚C for 24 h of wetness in both experiments, although maximum disease
severity values were significantly different (76 and 40% in experiments 1 and 2, respectively).
Disease severity values were standardized using the maximum severity observed in each exper-
iment to make the repetitions comparable. No differences in relative disease severity were
observed between the two independent experiments (P = 0.603), allowing the data from two
experiments to be pooled for model development.
Relative disease severity was affected by temperature during the wetness period. The curves
for the different wetness periods evaluated from 5 to 35˚C showed similar shapes, although dis-
ease severity values differed between them (Fig 1A). The optimal range of temperature for bac-
terial infection was from 20 to 35˚C, with a maximum at 30˚C. Below 30˚C, an increase of
temperature resulted in a gradual increment of disease severity; while above 30˚C, there was a
slight decrease in the relative disease severity.
Wetness was required for infection of Prunus by the pathogen. In general, increasing wetness
period duration from 0 to 12 h increased the relative disease severity (Fig 1B). Longer wetness
periods, from 12 to 24 h resulted in no or slight increase in relative disease severity. At low tem-
peratures (5, 10, and 15˚C) the disease severity increased progressively from 0 without wetness
to 0.28, 0.29, and 0.37 under 12 to 24-h-wetness period, respectively. At temperatures from 20
to 35˚C, the disease severity also increased with wetness duration increase up to 12–24 h, but
high values of disease severity (above 0.4) obtained under short wetness periods (3 or 6 h),
which were higher than the maximum disease severity observed at low temperatures under lon-
ger wetness periods.
Estimated parameters of the model proposed by Duthie, Eq 1, are presented in Table 2. Pa-
rameters B, D, F and G were significantly different from zero at P< 0.05, whereas parameter H
presented high standard error and did not differ from zero. Moreover, parameter H was highly
correlated with parameter G and F according to Pearson correlation coefficient (R = 0.963 and
0.948, respectively). The optimum temperature for the infection of peach-almond hybrid GF-677
plants by X. arboricola pv. pruni calculated with Eq 4 was 30.1˚C.
The reduced four-parameter version of the model, Eq 5, was obtained disregarding parame-
ter H (H = 1). Estimated values are presented in Table 3, in which all parameters (B, D, F and
G) were estimated precisely, significantly different from zero at P< 0.05, and correlation
Effects of leaf wetness duration and temperature on infection of Prunus by Xanthomonas arboricola pv. pruni
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coefficients between parameters were low (R< 0.605). The optimum temperature is repre-
sented by parameter F, which was 28.9˚C. This model, corresponding to Eq 5, was selected as
all parameters were significant, the standard errors obtained were lower than those obtained
using Eq 1, high correlations between parameters were absent, and the number of parameters
were fewer than the model obtained with Eq 1.
Two- and three-dimensional representations of the response of the reduced form of
Duthie’s model, Eq 5, are given in Fig 2. Relative disease severity increased sigmoidally with
increasing wetness duration, while the temperature response was unimodal, with the opti-
mal temperature at 28.9˚C. The model provided good prediction for all wetness duration-
temperature combinations. The Pearson correlation coefficient (R) between observed and
Fig 1. Effect of temperature (A) and leaf wetness duration (B) on relative disease severity caused by Xanthomonas arboricola pv. pruni on peach-
almond hybrid GF-677 plants 21 days after inoculation. Symbols represent the mean relative disease severity of two experiments and five plants per
experiment. Error bars in the upper left (A) or right (B) corner represent the mean standard error.
https://doi.org/10.1371/journal.pone.0193813.g001
Table 2. Estimated parameter values of Duthie’s model, Eq 1, describing the relative disease severity (S’) caused by Xanthomonas arboricola pv. pruni on peach-
almond hybrid GF-677 plants based on combined effects of temperature (t) and duration of leaf wetness (w). In the model
S0 ¼ f ðw; tÞ ¼ f tð Þ  ð1   expf  ½B wDgÞ, where f ðtÞ ¼ E0  fexp½ðt   FÞG=ðH þ 1Þg=f1þ exp½ðt   FÞGg, in which E0 ¼ ½ðH þ 1Þ=HH1=ðHþ1Þ.
Parameterz Estimate Standard Error Lower Bound Upper Bound t-test P> t
B 0.167 0.032 0.101 0.234 5.149 < 0.0001
D 0.582 0.111 0.356 0.808 5.265 < 0.0001
F 33.053 2.230 28.499 37.607 14.824 < 0.0001
G 0.266 0.080 0.103 0.429 3.339 0.0023
H 2.514 1.628 -0.811 5.838 1.544 0.1330
z Parameters as defined in the main text, Eq 1.
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predicted values was 0.93, and the coefficients of determination R2 and R2 adjusted for the
nonlinear regressions were 0.88 and 0.85, respectively.
The linear regression of the predicted values against the observed relative disease severity
also showed the good relationship between observed and predicted values (Fig 3). The coeffi-
cients of determination R2 and R2 adjusted for the linear regressions were both 0.88. Although
the intercept was not significantly different from 0 (P = 0.0823), the slope was slightly different
from 1 (P = 0.0407). A slight underprediction of the model at high disease levels and a slight
overprediction at low values were observed.
The predictive capacity of the infection model was evaluated in a new experiment using an
independent set of data with different temperature-wetness duration combinations. Observed
disease severity (S), based on the leaf area affected by disease, was compared with model predic-
tions for relative disease severity (S’), which corresponded to the infection risk index (Fig 4).
A positive and high correlation resulted between these two variables (R = 0.761). The relation-
ship between predicted relative disease severity (S’) and observed severity (S) was also used to
define a risk threshold for infection. Disease severity up to 25% was considered low since it cor-
responded, on average, to plants with less than 2% leaf area infected. There was a significant
relationship between observed disease severity lower than 25% and predicted relative severity
lower than 0.5; and also between observed disease severity higher than 25% and predicted rela-
tive severities from 0.5 to 1. Consequently, the value 0.5 of relative severity predicted by the
model (S’) was proposed as the infection risk threshold. Accordingly, two levels of infection risk
were established: low (S’< 0.5) and high (S’ 0.5). On the basis of the infection risk levels,
model predictions agreed on 22 of 24 cases (92%), 11 for low and 11 for high risk predictions.
Only 2 mismatches were observed, corresponding to temperature-wetness combinations pre-
dicted as low infection risk that expressed medium severity values.
Discussion
The combined effects of leaf wetness duration and temperature on infection of Prunus by X.
arboricola pv. pruni were determined under controlled environment conditions for the entire
range of temperatures at which the bacterium is able to grow [21,22]. Optimal temperatures
for infection by X. arboricola pv. pruni conducive to severe bacterial spot disease (S’ > 0.5) ran-
ged from 20 to 35˚C, with a maximum at 30˚C. Low temperatures (10–15˚C) resulted in low
relative disease severity (S’ < 0.5). Plants incubated at 5˚C developed few lesions which could
be related to the effect of the residual free water on the leaf surface and the water congestion in
leaf tissues during the drying process in the greenhouse. Optimal temperatures for infection
on Prunus agreed with optimal temperatures for X. arboricola pv. pruni growth, with maxi-
mum bacterial growth rates at temperatures from 20 to 30˚C [21,22].
Table 3. Estimated parameter values of the reduced form of Duthie’s model, Eq 5, describing the relative disease severity (S’) caused by Xanthomonas arboricola pv.
pruni on peach-almond hybrid GF-677 plants based on combined effects of temperature (t) and duration of leaf wetness (w). In the model
S0 ¼ f ðw; tÞ ¼ ½1   expð  BxwÞD=cosh½ðt   FÞG=2.
Parameterz Estimate Standard Error Lower Bound Upper Bound t-test P> t
B 0.145 0.023 0.098 0.193 6.272 < 0.0001
D 0.553 0.097 0.354 0.752 5.670 < 0.0001
F 28.919 0.850 27.184 30.653 34.008 < 0.0001
G 0.195 0.018 0.159 0.231 11.116 < 0.0001
z Parameters as defined in the main text, Eq 5.
https://doi.org/10.1371/journal.pone.0193813.t003
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Fig 2. Three-dimensional response (A) and contour plot (B) of the combined effects of temperature and leaf wetness duration on relative disease severity
caused by Xanthomonas arboricola pv. pruni on peach-almond hybrid GF-677 plants. The predicted values were calculated using the reduced form of
Duthie’s model, corresponding to Eq 5. (A) The black points correspond to mean relative disease severity of two independent experiments and five plants per
experiment observed 21 days after bacterial inoculation. (B) An area represents relative disease severity values lower than or equal to the label on the contour
line on the right of the area.
https://doi.org/10.1371/journal.pone.0193813.g002
Fig 3. Observed relative disease severity versus estimated values with the reduced form of Duthie’s model, Eq 5.
The regression line (solid) is slightly different from the dashed line, which corresponds to a fitted line with an intercept
of 0 and a slope of 1.
https://doi.org/10.1371/journal.pone.0193813.g003
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Leaf wetness durations from 3 to 6 hour were sufficient for infection and cause high disease
severity at optimal temperatures (20–35˚C). Longer wetting periods resulted in increased dis-
ease severity, and wetness periods from 12 to 24 h had the maximum effect on infection by the
bacterium. The minimum leaf wetness period required for infection by X. arboricola pv. pruni
depended on temperature, being short (3 h) at optimal temperatures and longer (6 to 12 h) at
temperatures below 20˚C. These results confirm that wetness is required for the infection of
X. arboricola pv. pruni on Prunus [25–27]. At 0 h wetness duration no disease symptoms were
observed on the majority of plants. The few infections that did occur with 0 h wetness can likely
Fig 4. Evaluation of the prediction capacity of the infection model for Xanthomonas arboricola pv. pruni describing the combined effects
of leaf wetness and temperature under greenhouse conditions. Comparison between observed disease severity (S, 0–100 range) versus
predicted relative disease severity (S’, 0–1 range) by the reduced form of Duthie’s model, Eq 5, on GF-677 peach-almond hybrid plants 21 days
after inoculation.
https://doi.org/10.1371/journal.pone.0193813.g004
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be explained by residual water from the inoculation of the pathogen suspension, which re-
mained in stomatal tissues or on the leaf surface during the drying process in the greenhouse.
Some disease symptoms were also observed on plants dried immediately after inoculation in
previous studies [26]. Similarly, only 5 min of leaf wetness were sufficient for X. arboricola pv.
juglandis to infect water-congested young walnut fruits [41].
The results obtained in this study under controlled environment conditions are consistent
with field observations, which concluded that warm temperatures accompanied by frequent
rains or heavy dews play an important role in disease development [1, 9, 24]. In fact, tempera-
ture, rainfall and wetness are considered key factors for infection by X. arboricola pv. pruni in
peach orchards [24,25,42].
The combined effects of temperature and wetness duration on infection by X. arboricola pv.
pruni were evaluated and quantified using nonlinear equations proposed by Duthie [33], which
are a variation of the Weibull equation. Nonlinear models proposed by Duthie [33] provide a
more parsimonious description of empirical data than models that comprise polynomial equa-
tions and all parameters have an epidemiological significance. Many infection models use regres-
sion equations based on polynomials [31,43], but model parameters have no biological meaning
and thus, poorly describe the response of a biological process [33]. Moreover, polynomial models
are only reliable in the range of temperatures and wetness used to construct them; otherwise,
unrealistic results are obtained if the equations are applied outside this range [36]. The model
obtained in this work accurately described the relationship between wetness duration and tem-
perature on disease severity, according to predicted and observed comparisons for disease sever-
ity and levels of infection risk. The model had a unimodal response, but some simplifications
were performed to avoid overparameterization in the nonlinear regression. The parameter C
(period before the start of the response) was fixed to 0 assuming that bacteria respond immedi-
ately to the increase in leaf wetness duration, and parameter E (upper limit of the response) was
fixed to 1, because the disease was measured as a proportion (0–1). All parameters in the equa-
tion were significant, except parameter H, which represents the degree of asymmetry in the tem-
perature response. X. arboricola pv. pruni is able to grow in vitro at temperatures from 5 to 34˚C,
but not above 35˚C [21,22]. The optimal temperature for its multiplication in vitro was 31˚C
[21,22], which means that the growth curve is skewed negatively. If the response of Prunus infec-
tion by X. arboricola pv. pruni to temperature were similar to the growth response, the parameter
H might be>1. However, only one temperature (35˚C) was tested above the optimal tempera-
ture for infection; therefore, it was difficult to determine the grade of asymmetry of the curves.
At least one more temperature above 35˚C should be tested (e.g., 40˚C) to assure the asymmetry
of the response, but leaf wetness and temperatures above 35˚C rarely occur under field condi-
tions in temperate regions where Prunus species are grown. Consequently, the regression was
performed disregarding the asymmetry of the curve (parameter H was fixed to 1) [33].
The output of the model developed under controlled environment conditions is based on a
quantitative relationship between leaf wetness duration and the temperature during wetness peri-
ods on infection by X. arboricola pv. pruni. As a result, the periods of risk for infection can be pre-
dicted. The evaluation of the accuracy of the model to determine the levels of disease risk (S’),
showed that S’ = 0.5 (in a 0–1 range) could be used as a threshold, above which medium or high
disease severity was reached. Days with risk of infection by X. arboricola pv. pruni could, there-
fore, be identified based on weather parameters. Xanthomonas arboricola pv. pruni infections can
occur with low wetness periods (3 to 6 h) at optimal temperatures, but according to the infection
model, at least 10 h wetness at temperatures close to 20˚C, or 5 h of wetness at 25˚C or higher are
necessary to reach the infection risk threshold of S’ = 0.5. These weather conditions are not fre-
quent in temperate regions where species of Prunus are grown. Therefore, days with favorable
weather conditions to trigger bacterial spot infections may be related to rainfall events and/or
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long wetting periods in spring and summer. Epidemiological studies performed in Italian peach
orchards [24,42] support our results. Primary infections by X. arboricola pv. pruni were observed
in peach orchards when at least 3 successive rainy days occurred, with a mean temperature
between 14 and 19˚C, and the progress of disease severity on leaves was closely correlated with
the number of rainy days after disease onset [24]. Consequently, wetness periods over 24 h could
be considered by the additive effect of daily infection risk index, obtaining a cumulative infection
risk index. The use of cumulative risk indices in plant disease-warning systems gives more accu-
rate predictions and helps to explain field disease epidemics [30,44].
The model evaluation was performed under controlled greenhouse conditions, but field eval-
uation and validation are needed before the model can be used as part of a decision support sys-
tem (DSS) in the management of the bacterial spot disease of stone fruits. The proposed model
should be evaluated and validated in areas where the disease is present. The model was devel-
oped on the hybrid rootstock GF677 (Prunus amygdalus x P. persica), susceptible to the bacterial
spot disease of stone fruits in nurseries, as representative of species of Prunus which are hosts of
X. arboricola pv. pruni. However, field validation trials should be performed on grafted plants of
different species of Prunus. Variability in cultivar susceptibility within each host species [7,29]
could also be taken into account in the forecasting model.
The model presented in this manuscript determines the suitability of weather condi-
tions for the infection of Prunus by X. arboricola pv. pruni. Upon the evaluation and valida-
tion of the model under field conditions, it could be included as the second component of
a bacterial spot of stone fruit disease forecasting model, in a similar approach as Maryb-
light [19], Cougarblight [18], and Billing’s integrated system [20] forecasting models for
fire blight of apple and pear caused by Erwinia amylovora. The first component of the fore-
casting model, corresponding to the inoculum potential, is based on the model for predict-
ing Xanthomonas arboricola pv. pruni growth as a function of temperature [22], which can
be used to predict the epiphytic potential inoculum. The integration of both components is
fundamental to accurately predict bacterial infections, since both inoculum and favorable
environmental conditions are required to come together at the same time for successful
infection occurrences.
The forecasting model developed in this study could be used in warning systems for a ratio-
nal timing of copper sprays for bacterial spot disease control, but also for early detection of dis-
ease outbreaks in quarantine and surveillance strategies. Disease risk maps elaborated from
model predictions could help to define areas with risk of infection by X. arboricola pv. pruni.
Conclusions
The work presented here quantifies the effects of leaf wetness duration and temperature on
infections of Prunus by X. arboricola pv. pruni. Leaf wetness was required for infection of Pru-
nus by X. arboricola pv. pruni. However, temperature had a greater effect than leaf wetness
duration on the disease severity. Disease severity increased with increasing in temperature
until the optimal at 28.9˚C, and with increasing leaf wetness duration up to 12 h. The com-
bined effects of leaf wetness duration and temperature on disease severity have been described
using the reduced-form of Duthie’s model. An infection risk threshold of S’ = 0.5 was estab-
lished for the model. Accordingly wetness periods longer than 10 h at temperatures close to
20˚C, or 5 h at temperatures between 25 and 35˚C were necessary to cause high disease sever-
ity. The obtained model should be evaluated and validated under field conditions to be used as
a forecasting model of the potential risk for infections of Prunus by X. arboricola pv. pruni.
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